1 9 2 0
was constructed by inserting the GBP 31 sequence followed by a C-terminal Avi-tag 1 3 8 (GLNDIFEAQKIEWH) 32 and His 6 tag. Biotinylated GBP was bacterially expressed and were first mixed 1:1 with GBP and incubate for 5 min and then diluted to 10 nM with 1 4 3 motility buffer, mixed with 10 nM quantum dots (incubate for 5 min), and added to the and incubate for 5 mins to allow binding to the microtubules. After a wash to remove 1 4 7 unbound complexes, a 10 nM solution of GBP was injected and incubated for 5 min to 1 4 8 allow binding to BicD-GFP. Next, 10 nM streptavidin-coated quantum dots (655 nm Solutions) and a 5 min incubation to allow binding. Finally, ATP motility buffer was 1 7 1 introduced and incubated for 5 min to initiate movement, the flow cell was then 1 7 2 transferred to the microscope. The iSCAT microscope used in the work was described 1 7 3 previously 34 . Images were taken using custom written LabVIEW software. The videos 1 7 4 were taken at 100 fps for 1000 frames with an effective pixel size of 32 nm. Even image of stationary microtubules before or after particle binding was subtracted from the 1 7 7 stack of iSCAT images, and the resulting movies were then inverted to obtain a bright FIESTA 35 ; if no particle position was determined for 10 consecutive frames due to low 1 8 0 signal/noise, the trace was terminated. Details for the switch detection algorithm are 1 8 1 provided in Supplementary Information. with different oligonucleotides, DDB was incubated for 15 min on ice with GBP1 in 1 8 8 excess, and kinesin incubated with GBP2 in excess. Next, DDB-GBP1 was incubated 1 8 9
for 15 min on ice with an excess concentration of DNA scaffold containing single-1 9 0 stranded overhangs on both ends and biotin on one end ( Fig. 8A ; scaffold described 1 9 1 previously 31 ). The mixture was then introduced into a flow cell containing surface-1 9 2 immobilized microtubules, and incubated for 5 min in the absence of ATP to allow 1 9 3 binding of the DDB-GBP1-DNA complexes to the microtubules. The flow cell was then 1 9 4 washed twice with A buffer containing 0.2 mg/ml casein and 10 μM Taxol to remove any 1 9 5 unbound motors, BicD2, and GBP1, leaving only DDB with attached DNA scaffolds 1 9 6 bound to the microtubules. An excess of kinesin-1 -GBP2 was then introduced into the 1 9 7 flow cell and incubated for 5 min to populate the second end of the DNA scaffolds with 1 9 8 kinesin motors. 1 nM quantum dots (633 nm emission) were then introduced into to the binding the complexes to StrepTactin beads (IBA Lifesciences), and eluting from the 2 1 0 beads with d-Desthiobiotin (Sigma-Aldrich) 37 (Fig. 1A, B ). The purified DDB contained 2 1 1 a C-terminal GFP on BicD2 for visualization, but for enhanced spatiotemporal 2 1 2 resolution, we attached streptavidin-functionalized quantum dots (Qdots) through a 2 1 3 biotinylated GFP binding protein (GBP) nanobody 30 ( Fig. 1C ; see Methods for details). Using total internal reflection fluorescence (TIRF) microscopy with 50 ms exposure time, 2 1 5 we tracked the motility of single DDB complexes along surface-immobilized 2 1 6 microtubules and compared them to kinesin-1. Whereas kinesin-1 displayed runs with 2 1 7 uninterrupted motility, DDB displayed three different motility behaviors: processive runs, 2 1 8 diffusional episodes and stuck segments where no movements were detected ( Fig. 1D) . These behaviors have been observed in published DDB traces, but studies to date have 2 2 0 generally focused only on segments of processive motility 12,20 . The role of the dynactin p150 subunit in dynein activation has not been investigated, although p150 has been shown to act as both a tether and a brake in dynein-dynactin 2 2 5 complexes 25 . To characterize how dynactin p150 alters DDB function, we utilized a 2 2 6 p150 antibody (Ab p150 ) that has previously been shown to block the interaction of p150 2 2 7 with microtubules 25, 27, 28, 33 , and compared the DDB motility in the absence and presence 2 2 8 of Ab p150 . We first asked what role p150 plays in the initial landing of DDB to the 2 2 9 microtubule. Based on its tethering activity, it could enhance landing by making first 2 3 0 contact with the microtubule and allowing the dynein heads to bind; alternatively, the 2 3 1 runs could be all initiated by dynein heads binding ( Fig. 2A) . In the presence of 2 3 2 antibody, the DDB landing frequency decreased by roughly three-fold compared to 2 3 3 control ( Fig. 2B, C) . This result, consistent with previous observations 25,38 , suggests 2 3 4 that the initial encounter of DDB with the microtubule usually occurs through p150, contained a sub-fraction of p135 (Fig 1B) , an isoform that lacks the CAP-Gly domain, it 2 3 7 is possible that a fraction of the remaining landing events in the presence of p150 2 3 8 antibody represent complexes containing p135 rather than p150, meaning that our 2 3 9 measurements provide a lower bound of the antibody effect. We next asked how, following initial landing of DDB on the microtubule, p150 influences 2 4 2 dynein motility. To analyze dynein motility, the observed landing events were separated motility, and the rest were split between diffusive and stuck (Fig 2E) . Blocking dynactin readily identifiable, diffusive phases are particularly difficult to define, despite the high 3 0 0 spatiotemporal resolution. Thus, we developed an objective algorithm for classifying 3 0 1 processive, diffusive and stuck durations within a single trace. The algorithm, described Dividing each single molecule trajectory into different phases, or motility states, provides 3 1 0 distributions of time the motor spends in each state, as well as the switching rates 3 1 1 between the three states. For DDB under control conditions, processive segments had 3 1 2 the longest duration at 0.81 s, followed by stuck (0.53 s) and diffusive (0.23 s) phases 3 1 3 ( Fig. 6 A) . The most frequent switching was between stuck and processive states ( stepping. The second most common switching was between processive and diffusive states. These two behaviors can be seen qualitatively in Fig. 5 as short black and blue 3 1 7 phases interspersed in the relatively long processive runs in red. From the state durations and switching frequencies, we created a kinetic model for how time the motors spend in each state. Each state (P, D and S) has two transitions in and 3 2 2 two transitions out, and all transitions were assumed to be first order based on the 3 2 3 roughly exponential distribution profiles in Fig. 6A . The transition rate out of any given 3 2 4 state equals the sum of the two rate constants exiting that state, and the relative rates 3 2 5 between the two exit paths are taken from the measured switch rates in Fig. 6A inset. 3 2 6
The switching model (Fig. 6C ) provides a wealth of information. First, the motors spend state, they rapidly transition back to the processive state (at 3.9 s -1 and 1.8 s -1 , 3 3 0 respectively). Finally, transient events that break up the processive runs are more often 3 3 1 short pauses (occurring at a frequency of 1 s -1 ), rather than diffusive episodes (at a 3 3 2 frequency of 0.23 s -1 ). To understand the role of dynactin p150 in dynein activation and diffusional tethering, the duration of diffusional segments increased to 0.37 s (Fig. 6B) . Compared to control, 3 3 8 switching occurred less frequently between processive and stuck states, and more 3 3 9 frequently between processive and diffusive states ( Fig. 6B inset) . As clearly shown in 3 4 0 the kinetic model (Fig. 6D) , blocking p150 caused the motor to spend less time in the 3 4 1 processive state (55%) and more time in the diffusive state (16 %). The kinetic 3 4 2 explanation for this (highlighted by red and blue arrows in Fig. 6 C and D) is that the 3 4 3 presence of p150 causes DDB to switch 69% more frequently from the diffusive state 3 4 4 into the processive state and to switch 73% less frequently out of the processive state 3 4 5 back to the diffusive state. A structural interpretation of these results is shown in Fig. S7 3 4 6 and discussed more fully below. To conclude, allowing p150 to interact with the Based on the finding that p150 enhances the time DDB spends in the processive state, it follows that p150 should enhance dynein's ability to compete against kinesin-1 in a 3 5 4 tug-of-war such as occurs during intracellular bidirectional transport. To investigate this 3 5 5 possibility, we reconstituted the kinesin-dynein bidirectional transport system in vitro cargo adaptor protein Hook3. J. Cell Biol. 214, 309-318 (2016) . Dynactin interaction. J. Biol. Chem. 291, 18239-18251 (2016) . effects of the dynein-regulatory factor Lissencephaly-1 on processive dynein-5 5 1 dynactin motility. J. Biol. Chem. 292, 12245-12255 (2017) . dynein-driven motility. Nat. Commun. 5, 1-11 (2014) . team of dyneins for processive motility. Nat. Struct. Mol. Biol. 25, 203-207 (2018) . polypeptide with the Drosophila gene Glued. Nature 351, 579-583 (1991) . Biol. 8, 562-570 (2006) . (D) Plot of pixel intensity of a gold nanoparticle (image in inset), which is fit by a 2-D Gaussian for subpixel localization. Image is generated by subtracting image of the stationary microtubule (taken later in the movie when no gold-labeled motor is present) and inverting image to obtain bright particle on dark background. See also Supplementary Movie S1. (E) Distance vs time trace of a single DDB, demonstrating processive (P), diffusive (D), and stuck (S) episodes in the same trace. Lines represent linear regressions to hand-selected segments. Velocities of the control group (orange; -9.1± 9.2 nm/s (mean ± SEM, n=33)) and the Ab p150 group (blue; 62 ±17 nm/s (mean ± SEM, n=32)) calculated by from linear regression to entire traces. The two groups were significantly different by two-tailed t-test, ***p<0.0005. (E) Percent of plus-end directed cargos (yellow) and minus end directed cargos (grey) for control DDB-kinesin-1 group (left) and Ab p150 group (right).
